Aims/hypothesis The primary analysis of the Canagliflozin cardioVascular Assessment Study (CANVAS) Program showed canagliflozin to have a beneficial effect on cardiovascular and renal outcomes in people with type 2 diabetes at high cardiovascular risk, but also an unexpected increased risk of major or minor lower extremity amputation. These secondary analyses explore this finding in more detail. Methods The effect of canagliflozin on amputation risk in the CANVAS Program was calculated for amputations of different types and proximate aetiologies and different canagliflozin doses. Univariate and multivariate associations of baseline characteristics with amputation risk were determined and proportional and absolute effects of canagliflozin were compared across subgroups. Results There were 187 (1.8%) participants with atraumatic lower extremity amputations (minor 71%, major 29%); as previously published, rates were 6.30 vs 3.37 per 1000 participant-years with canagliflozin vs placebo (HR 1.97 [95% CI 1.41, 2.75]). Risk was similar for ischaemic and infective aetiologies and for 100 mg and 300 mg doses. Overall amputation risk was strongly associated with baseline history of prior amputation (major or minor) (HR 21.31 [95% CI 15.40, 29.49]) and other established risk factors. No interactions between randomised treatment and participant characteristics explained the effect of canagliflozin on amputation risk. For every clinical subgroup studied, numbers of amputation events projected were smaller than numbers of major adverse cardiovascular events averted.
Introduction
Canagliflozin is a sodium-glucose cotransporter 2 (SGLT2) inhibitor approved for the treatment of type 2 diabetes mellitus [1] . The Canagliflozin cardioVascular Assessment Study (CANVAS) Program [2] integrated data from two directly comparable, double-blind, randomised, placebo-controlled trials (CANVAS and CANVAS-Renal [CANVAS-R]; ClinicalTrials.gov registration no. NCT01032629, NCT01989754) [3, 4] involving participants with type 2 diabetes and a history or high risk of cardiovascular disease, conducted at 667 sites across 30 countries.
CANVAS was commenced in 2009 to demonstrate the cardiovascular safety of canagliflozin prior to registration, and CANVAS-R was commenced in 2014 as a post-registration commitment to regulatory agencies. The trials were designed to complete simultaneously when a prespecified minimum number of cardiovascular events (688) and a minimum follow-up time (78 weeks) were achieved; this occurred in late 2016 [5] . The CANVAS Program showed a beneficial effect of canagliflozin treatment on the primary outcome of major adverse cardiovascular events (HR 0.86 [95% CI 0.75, 0.97], p < 0.001 for non-inferiority, p < 0.02 for superiority) [2] .
An emergent finding of the CANVAS Program was an increased risk of lower extremity major and minor amputation in participants treated with canagliflozin compared with placebo (HR 1.97 [95% CI 1.41, 2.75]) [2] , where major atraumatic lower extremity amputations were defined as being at or above the ankle and minor as being atraumatic lower extremity amputations below the ankle. This safety signal was flagged to the Steering Committee in the final year of the trial by the Independent Data Monitoring Committee on 18 February 2016. Global health authorities, including those in Europe and the USA, were informed and responded with updates to the product information [6] . No prior clinical or preclinical study had raised any concern regarding limb perfusion or amputation, and the known tissue expression and actions of the SGLT isoforms provide no indication of the likely mechanism. Currently, of the seven marketed SGLT2 inhibitors, one other (ertugliflozin) also carries a labelled warning about amputation risk [7] . The objectives of this paper were to explore in more detail the effects of canagliflozin on amputation risk and to estimate likely risks and benefits for different participant subgroups.
Methods
Ethics CANVAS and CANVAS-R were approved by the ethics committees at each site and all participants provided written informed consent. All procedures followed were in accordance with the Helsinki Declaration of 1964, as revised in 2013.
Participants Participants were men and women with type 2 diabetes mellitus and HbA 1c ≥53 mmol/mol (7.0%) and ≤91 mmol/mol (10.5%). They were ≥30 years of age with a history of symptomatic atherosclerotic cardiovascular disease (which included prior amputation) or ≥50 years of age with two or more of the following risk factors for cardiovascular disease: duration of diabetes ≥10 years, systolic BP >140 mmHg while on one or more antihypertensive agent, current smoker, microalbuminuria or macroalbuminuria or HDL-cholesterol <1 mmol/l [2] . The presence of amputation or peripheral vascular disease history at baseline was based upon physician reporting with no requirement for specific clinical evaluation or imaging.
Randomised treatment All potential participants completed a 2 week, single-blind, placebo run-in period with subsequent randomisation of eligible participants done centrally using an interactive web response system and a computer-generated randomisation schedule. Participants in CANVAS were randomly assigned in a 1:1:1 ratio to receive canagliflozin 300 mg, canagliflozin 100 mg or matching placebo, and participants in CANVAS-R were randomly assigned in a 1:1 ratio to receive canagliflozin or matching placebo (initially 100 mg with optional uptitration to 300 mg).
Follow-up and data collection Face-to-face follow-up was scheduled for three visits in the first year and at 6 month intervals thereafter, with alternating telephone follow-up between face-to-face assessments. Every follow-up included inquiry about serious adverse events. Amputation events were initially recorded routinely by the investigators using electronic case record forms for the capture of adverse events and/or diagnostic and therapeutic procedures. In July 2016, following notification of the amputation safety signal, a dedicated case report form was created to ensure systematic and standardised data collection for amputation events. Investigators were directed to complete the amputation case report form for every new event, as well as retrospectively for every amputation event already recorded. Additionally, all CANVAS Program participant case records and the associated pharmacovigilance database were searched using the terms 'ampu', 'remov', 'resection', 'necrosectomy', 'disarticulation', 'exarticulation', 'BKA' and 'AKA' to identify any additional possible amputation events. Information collected included the date of the amputation and whether the amputation was traumatic or atraumatic, as well as the location (right or left, toes, trans-metatarsal, ankle, below knee or above knee, other). Amputation events occurring at any time point prior to final follow-up, for all randomised participants regardless of whether the participant remained on the study drug, were captured [2] . A secondary post hoc assessment of the proximate aetiologies underlying each amputation was made by a specialist in peripheral vascular disease (MN), using source documentation collected at the time of the event from the participating sites, to identify the presence of infection, chronic ischaemia or acute ischaemia.
Outcomes In these secondary analyses, the main outcome was all atraumatic lower extremity amputations, which were reported as all major atraumatic lower extremity amputations (at or above ankle) and all minor atraumatic lower extremity amputations (below ankle). Benefits were reported for the composite outcome of major adverse cardiovascular events comprising cardiovascular death, non-fatal stroke and nonfatal myocardial infarction.
Statistical methodology The impact of canagliflozin on amputation risk was assessed among the dosed participants using a Cox proportional hazard model with treatment as the possible explanatory variable and adjustment for trial (CANVAS or CANVAS-R). The treatment effect was expressed as the HR and 95% CI, with a test of proportional hazards used to examine the evolution of the treatment effect over time. Comparability of the effects of canagliflozin on amputation was examined for participant subgroups by fitting treatment interaction terms to the proportional hazards models. Analyses were performed on the integrated CANVAS Program dataset except for the investigation of dose effects, which were done in the CANVAS dataset alone (without CANVAS-R). Baseline participant characteristics associated with amputation risk were assessed using proportional hazards models in the CANVAS Program dataset. First, univariate associations were determined for candidate risk factors for amputation independent of treatment assignment and then those risks with significant univariate associations were included in a single multivariate model that also included randomised treatment. Where a single risk was assessed using multiple measures (e.g. glucose and HbA 1c ), the risk with the greatest HR was carried forward for inclusion in the multivariate modelling. Absolute effects on all amputation, major amputation and major adverse cardiovascular events were modelled to estimate effects for 1000 participants treated for 5 years. This was done overall and for participant subsets defined by excluding participants with one or more of the risks for amputation that were significant in the multivariate modelling. The absolute effects on amputation and major adverse cardiovascular events were derived using the summary estimates of RRs derived from the CANVAS Program for each outcome applied to the absolute event rates specific to each subset of participants. All analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC, USA), SAS Enterprise Guide version 7.1 (SAS Institute) and STATA version 13.1 (StataCorp, College Station, TX, USA).
Results
The CANVAS Program randomised 10,142 participants (CANVAS [n = 4330] and CANVAS-R [n = 5812]) [3] , of which 10,134 received at least one dose of randomised treatment. The mean follow-up of participants was 188 weeks (296 weeks in CANVAS and 108 weeks in CANVAS-R) [2] . Overall, the mean age of participants was 63.3 years, 35.8% were women, mean duration of diabetes was 13.5 years and 65.6% had a history of cardiovascular disease at baseline. Two hundred and thirty-eight (2%) participants had a history of major or minor amputation at baseline and 187 (1.8%) had one or more major or minor amputation events during follow-up. In total, 290 amputation events were recorded among these 187 participants during follow-up.
Associations of baseline participant characteristics with amputation risk At trial commencement, participants who had major or minor amputation during follow-up differed from participants who did not go on to have amputation during the trial (Table 1) . Univariate modelling identified more than 20 baseline characteristics that were associated with amputation risk, eight of which (male sex, non-Asian ethnicity, prior amputation, peripheral vascular disease, neuropathy, albuminuria, higher HbA 1c and random allocation to canagliflozin) remained significant in multivariate modelling (Table 2) .
Proximate aetiology of amputation Among the 187 participants who underwent a post-randomisation amputation, infection was identified as a proximate aetiology in most events: 136/140 (97%) on canagliflozin and 47/47 (100%) on placebo. About two-thirds also had chronic ischaemia: 82/140 (59%) on canagliflozin and 31/47 (66%) placebo. Only 2/140 (1.4%) canagliflozin-treated cases had an acute ischaemic aetiology recorded. Of the 187 participants experiencing amputation, 140 (75%) were using randomised treatment at the time of amputation, 19 (10%) had amputations within 30 days after discontinuation of randomised treatment and 28 (15%) had amputations more than 30 days after discontinuation of randomised treatment.
Effects of canagliflozin on the risk of amputation Major or minor amputation events occurred in 47 of 4344 participants treated with placebo and 140 of 5790 participants treated with canagliflozin. The corresponding rates of major or minor amputation events were 3.37 and 6.30 events per 1000 (Figs 1 and 2) . The difference in the risk of amputation events between randomised groups evolved progressively throughout the study (test for proportional hazards p = 0.88), with similar patterns of accrual observed for total, major and minor amputations (Fig. 2) . There was no evidence that the effects of canagliflozin on amputation risk varied according to any baseline participant characteristic (all p homogeneity >0.123). A possible exception was use of antithrombotic therapy, where the effects of canagliflozin compared with placebo were conventionally significantly greater among those not using such treatment (p = 0.0268). However, considering that small The multivariate model included all characteristics with significant univariate associations. Only characteristics significant in the multivariate model are listed a Excluding history of amputation DPP-4, dipeptidyl peptidase-4; RAAS, renin-angiotensin-aldosterone system numbers were involved and that 25 interactions were tested, it is highly likely that one or more would meet the criterion for significance based on chance alone (Fig. 3) . Of the amputations recorded, 71% were minor and 29% major. There were no differences in proportional effects on the risks of minor vs major amputation (Fig. 1) . The 100 mg and 300 mg doses of canagliflozin had similar effects on amputation risk compared with placebo in the CANVAS participants who were randomised between doses. The majority of participants who experienced amputation had a single event recorded (n = 123), and proportional effects of canagliflozin vs placebo on amputation risk were comparable with those experiencing more than one amputation event (n = 64). There were multiple amputations at varying locations on the same limb in 22% of participants assigned canagliflozin and 19% of participants assigned placebo and amputations at varying locations in both limbs for 13% of participants assigned canagliflozin and 17% of participants assigned placebo.
Risk of amputation and protection against major adverse cardiovascular events in participant groups without baseline risks for amputation Among the overall CANVAS population, there were four (95% CI 1, 8) more major amputations among every 1000 participants treated for 5 years with canagliflozin compared with placebo and 15 (95% CI 8, 22) more amputations in total (major or minor) ( Table 3 ). There were 23 fewer major adverse cardiovascular events among every 1000 participants treated for 5 years (95% CI 4, 42). The estimated numbers of excess amputations with canagliflozin compared with placebo were lower for major and all amputations among most participant subsets where there were baseline risks for amputation identified from the multivariate modelling (male sex, non-Asian ethnicity, prior amputation peripheral vascular disease, neuropathy, albuminuria and higher HbA 1c ) ( Table 3 ). The estimated absolute reductions in major adverse cardiovascular events were also lower in those taking canagliflozin compared with placebo in most of these participant subsets. The same pattern of greater and lesser numbers of events with canagliflozin compared with placebo was also apparent for participant subsets derived by exclusions based upon combinations of the identified baseline risks for amputation (Table 3) .
Discussion
We have previously reported the main outcomes of the CANVAS Program, which identified protective effects of canagliflozin against cardiovascular and renal outcomes but also demonstrated an increased risk of major and minor amputation [2] . This paper reports on our investigation of possible explanatory aetiological factors related to the excess amputation rate seen for both minor and major amputations. Overall, the absolute risk of major amputation was low and was offset by improvements in cardiovascular outcomes. Minor amputation, defined as surgery below the ankle, was more than twice as common relative to major amputation (at or above the ankle) but was also offset by the cardiovascular benefits. Neither a proximate aetiology nor an explicit risk category for the excess risk of amputation with canagliflozin compared with placebo could be defined. The excess risk was found across all examined categories.
Identified independent predictors of amputation within the CANVAS Program were a prior history of amputation, male sex, race, history of peripheral vascular disease, history of neuropathy, albuminuria and higher
Favours canagliflozin
Favours placebo Participants with an event (%) and 1.82-fold risk, respectively. There were no differences in the proportional risks of amputation associated with canagliflozin across participant subgroups defined by the presence or absence of these or most other baseline risks. The proportional risks of amputation associated with canagliflozin were also consistent across different subsets of amputation defined on the basis of site, severity and proximate aetiology. Ultimately, it was not possible to specify characteristics that could precisely identify the subset of CANVAS participants who had amputation events, and it was not possible to further specify which individuals would achieve the optimal balance of benefit and risk with canagliflozin treatment. Existing recommendations pertaining to the careful monitoring of individuals with a higher risk for amputation events and provision of counselling about the importance of routine preventative foot care stand, as does advice regarding the possible discontinuation of canagliflozin among those who develop diabetic foot ulcers, infection, osteomyelitis or gangrene. The current data add weight to these recommendations. There are few additional amputation events recorded in other phase 3 and 4 randomised trials of canagliflozin vs placebo or active comparators (n = 10/8114, RR 0.23, 95% CI 0.06, 0.89), reflecting both the lower cardiovascular risk of those participants and a shorter average duration of followup [8] . Empagliflozin displayed similar rates of amputation when compared with placebo (6.5 per 1000 participant-years for both treatment groups) in EMPA-REG OUTCOME [9] , with an overall RR for amputation with empagliflozin vs placebo of 1.02 (95% CI 0.72, 1.45) [10] ; comparable rates in the CANVAS Program were 6.30 (active) and 3.37 (placebo) per 1000 participant-years. Recent data for ertugliflozin [7] suggest an imbalance in atraumatic lower limb amputation, with rates per 1000 participant-years in the 15 mg, 5 mg and comparator groups of 4.4, 1.6 and 0.6 across the development programme (12 events) and 5.0, 6.8 and 4.3 in the separate and ongoing cardiovascular outcome trial (61 events). Additional data for these and other SGLT2 inhibitors under investigation in large-scale trials remain undisclosed at this time. The ongoing Canagliflozin and Renal Events in Diabetes with Established Nephropathy Clinical Evaluation (CREDENCE) trial of canagliflozin among individuals with nephropathy [11] will provide valuable additional insight about the effects of canagliflozin on amputation.
In an observational analysis of the Truven United States Commercial database (n = 63,845 matched pairs), new users of canagliflozin were not observed to have increased risks of amputation compared with new users of non-SGLT2 glucoselowering therapies (HR 0.98 [95% CI 0.68, 1.41]) [8] . The Numbers of events caused and prevented were estimated using the summary CANVAS Program estimates of relative risks for each outcome, but the absolute event rates are those specific to each participant subgroup a Excluding those with amputation history PVD, peripheral vascular disease same was true in the OBSERVE-4D analysis of 142,800 new users of canagliflozin compared with other agents [12] . By contrast, data from the Department of Defense database [13] showed [16] . Based primarily upon the CANVAS Program findings, the US Food and Drug Administration [17] and the European Medicines Agency [18] updated the product information of canagliflozin to reflect amputation risk. Warnings related to amputation appear in the product information for canagliflozin and ertugliflozin but not empagliflozin and dapagliflozin. The large-scale EMPA-REG OUTCOME study [19] did not initially report upon amputation risk, but retrospective analyses of the trial and the broader empagliflozin database identified no relative differences in amputation rates between individuals on active therapy and those on placebo [20] . The canagliflozin and ertugliflozin reports benefitted from data collected as part of active trial programmes, rather than retrospective investigations of the databases; whether this or unknown differences in the pharmacological actions of the compounds explains the different findings from empagliflozin is uncertain. Additional prospectively collected data for amputation will become available from ongoing large trials of these and other SGLT2 inhibitors over the next few years, and will be key to understanding whether the amputation risk is specific to particular drugs or is a class effect and whether the risk can be ameliorated through specific active management strategies.
The present report benefits from the rigorous design, conduct and analysis of the CANVAS Program, the rigorous search of the database for all possible amputation events and the careful masked adjudication of identified events. However, there was limited documentation of peripheral artery disease at baseline and incomplete recording of detailed description of the acute and chronic factors leading to each amputation. The few amputation events recorded limited the capacity to detect effects in participant subgroups and interpreting multiple tests makes interpretation of borderline significant findings difficult (e.g. the interaction of canagliflozin treatment and amputation risk with baseline antithrombotic use). Likewise, the small numbers of events weaken the conclusions about the subsets of amputation events. The absence of a clear mechanism by which canagliflozin or any other SGLT2 inhibitor might contribute to amputation also adds significant complexity to the interpretation of the findings.
In conclusion, the CANVAS Program demonstrated that canagliflozin increased the risk of amputation (mainly minor) in this study population. Anticipated risk factors for amputation, such as prior history of amputation, peripheral vascular disease and neuropathy, were identified (see Table 3 ) but no specific aetiological mechanism or at-risk subgroup for canagliflozin was identified. Despite that increased risk, however, canagliflozin showed significant protective effects against major cardiovascular events and demonstrated HRs indicative of reduction of renal complications in type 2 diabetes.
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